Abstract: Ischemic neuron loss contributes to brain dysfunction in patients with cardiac arrest (CA). Histidine-tryptophan-ketoglutarate (HTK) solution is a preservative used during organ transplantation. Can HTK also protect neurons from severe hypoxia (SH) following CA? We isolated rat primary cortical neurons and induced SH with or without HTK. Changes in caspase-3, hypoxia-inducible factor 1-alpha (HIF-1α), and NADPH oxidase-4 (NOX4) expression were evaluated at different time points till 72 h. Using a rat asphyxia model, we induced CA-mediated brain damage and then completed resuscitation. HTK or sterile saline was administered into the left carotid artery. Neurological deficit scoring and mortality were evaluated for 3 days. Then the rats were sacrificed for evaluating NOX4 and H2O2 level in blood and brain. In the in vitro study, HTK attenuated SH-and H2O2-mediated cytotoxicity in a volume-and time-dependent manner, associated with persisted HIF-1α expression, reductions in procaspase-3 activation and NOX4 expression. The inhibition of HIF-1α abrogated HTK's effect on NOX4. In the in vivo study, neurological scores were significantly improved by HTK. H2O2 level, NOX4 activity and NOX4 gene expression were all decreased in the brain specimen of HTK-treated rats. Our results suggest that HTK acts as an effective neuroprotective solution.
Introduction
In previous studies we proved that extracorporeal cardiopulmonary resuscitation (ECPR) could improve survival rates and neurological outcomes, compared with conventional cardiopulmonary resuscitation (CPR). [1, 2] Hypothermia after cardiac arrest (CA) could improve neurological outcomes, but brain damage caused by hypoperfusion and reperfusion injuries remains the leading cause of death among patients who survived CA. In a previous study, intensive care was withdrawn in 30.9% of CA survivors because of poor neurological outcomes. [3] This finding was compatible with our own experiences. In our cardiac surgery practice, we use a cardioplegic solution to protect patients' hearts when they were stopped from beating. This practice led us to wonder about potential neuroplegic solutions for brain protection and to prevent ischemic injuries following CA. Cardiac surgeons have used deep hypothermia to overcome ischemia during CA that is induced for the purpose of aortic arch surgery since the 1970s. Direct brain perfusion (retrograde or antegrade) was developed later in order to provide continuous hypothermic perfusion of the brain. Unfortunately, there is no robust evidence to support available pharmacological protections. [4] Histidine-tryptophan-ketoglutarate (HTK) solution was developed in the 1960s as an organ preservation and cardioplegic solution. [5] HTK is a low-viscosity fluid with an electrolyte consistency similar to intracellular fluid. Histidine has a large buffering capacity that helps prevent the development of acidosis during the ischemic period. Tryptophan makes the cell membrane more stable, and ketoglutarate is a substrate in Kreb's cycle and facilitates high-energy phosphate formation during ischemia while also inhibiting glycolysis. HTK solution provides excellent and prolonged protection in hypothermic conditions and is now used increasingly for intra-abdominal organ preservation. [6] But there are no reports of the usage of HTK for brain protection during ischemia. Due to the high buffer capacity and membrane stabilizing characteristics of HTK, we considered that HTK might help protect the central nervous system from periods of ischemia and ischemia-reperfusion injuries.
Hypoxia-inducible factor 1 (HIF-1) was identified in 1992 as a factor that responds within hypoxic environments, [7] and its effects on cells during stress conditions were studied extensively thereafter. HIF-1 becomes functional once the α and β subunits form a heterodimer. [8] The α subunit is constantly consumed under normoxic conditions via the following sequence: hydroxylation by prolyl hydroxylase, ubiquitination by the VHL complex, and degradation by proteasomes. Under hypoxic or stress conditions, the α subunit enters the nucleus and, together with the β subunit, forms a complex to bind the hypoxia-response-element (HRE) and activate target genes. The genes influenced by HIF-1 provide protective effects on cell survival while also facilitating apoptosis or apopnecrosis in different hypoxic environments. HIF-1 also can bind to the promoter of the caspase-3 gene, [9] thereby increasing the expression of pro-caspase-3. However, its relationship to increased apoptosis still requires clarification. When faced with a hypoxic environment, cells will try to maintain adequate amounts of superoxide by increasing the number of enzymes that produce it, and NADPH oxidase 4(NOX4) is the main connection to this process. [10] HIF-1 increases the expression of NOX4 by binding to HRE at the gene promoter region. [11] A gene knock out study that focused on ischemia-reperfusion injury of heart cells also showed decreased levels of HIF-1, related to the decreased NADPH oxidase activity. [12] There were two parts to this study. The first part was an in vitro experiment using neural cells harvested from embryonic rats. Here we tried to validate the hypothesis that HTK solution has neuroprotective capabilities during ischemic periods, similar to its cardiac protective effects. Using different concentrations of HTK, we evaluated the effects of hypoxia and H2O2 exposure using biomarkers, cell viability tests, and gene expression.
The second part of the study consisted of an in vivo study using the rat asphyxial CA (aCA) model which was developed in the 1980s to evaluate the effects of CA resulted from asphyxia and to build a model of brain damage for evaluation of resuscitation methods in rats. [13] Rats were asphyxiated for 4.5 or 6.5 min, and the asphyxiated rats were separated into two groups. Under the same resuscitation protocol, HTK or normal saline was administered to the study group or control group, respectively, via a cannula inserted into the left carotid artery and designed to achieve brain perfusion during the first minute of asphyxia. We evaluated the resuscitation success rate and neurological recovery during the first 72 h after successful resuscitation, and NOX4 and H2O2 concentrations in both groups, after the rats were sacrificed at 72 h.
Materials and Methods
The present study was conducted by the Institutional Animal Care and Use Committee ( IACUC), number 20100341, that was approved on March 18, 2011.
Primary culture of rat cortical neurons.
Cortical neurons were isolated from embryonic Wistar rats (embryonic days 16 and 17), as described previously. [14] All animal treatments were approved by the Animal Care Committee of Fu Jen Catholic University. In brief, after anesthetizing the pregnant dam with halothane, the embryonic rats were removed and immediately rinsed in a neurobasal medium. Under a dissecting microscope, the embryonic brain cortex was carefully removed, soaked in 0.1 m phosphate-buffered saline (PBS, pH 7.4), containing 0.6% glucose, collected by centrifugation, and treated with trypsin for 15 min at 37 °C. After neutralizing the trypsin with trypsin inhibitor for 5 min, a cell suspension was prepared by repeated passage through a pipette and filtration through an 80 μm nylon mesh. This suspension was then diluted with neurobasal medium containing B-27, 0.5 mM glutamine (Merck, Taiwan branch), 25 μM glutamate (Merck), 100 IU/mL penicillin, and 100 mg/mL streptomycin. The cells were counted by staining with trypan blue, diluted to a density of 106 cells/mL in the same medium, and plated onto poly-d-lysine-precoated dishes. The cells were cultured at 37 °C in 21% O2 and 5% CO2 in a humidified incubator (NU-5700, NuAire, Plymouth, MN, USA) for 12 days in vitro (DIV) to mature. All chemicals and culture medium were obtained from Thermo Fisher Scientific (Waltham, MA, USA), unless otherwise indicated.
Induction of severe hypoxia (SH).
After DIV 12, the cultured neurons were divided into two groups. For SH treatment, the cultures were exposed to 2% O2 and 5% CO2 at 37 °C in an O2-controlled incubator (NU-5731, NuAire) for up to 72 h. This concentration (2%) of O2 was the lowest provided by the incubator and induced a decline in O2 concentrations from 21%. The responses of lactate dehydrogenase (LDH) and HIF-1α both confirmed severe hypoxia (SH). [15] Before exposure to SH, the culture media were replaced with a mixture of neurobasal medium and HTK in various percentages (1/8, 1/4, and 1/2) of the total volume. We then returned the cells to the hypoxic incubator for 72 h of treatment.
Cell viability assays.
LDH levels were measured in the cell culture media (20 μL) of two separate dishes at time points of 0, 1, 2, 4, 8, 24, 48, and 72 h using a commercial kit (Roche Applied Science, Indianapolis, IN, USA), as described previously. [16] The advantage of the LDH assay is that it allows for continual monitoring of cell viability. We used an MTT assay to measure cell viability. Briefly, cells were cultured with or without various percentages of HTK. The medium was then removed, and the cells were washed three times with PBS (pH 7.4). MTT (5 mg mL−1 in PBS) was then added to the cells for 4 h at 37 °C. MTT formazan crystals were then dissolved in DMSO and the optical density (O.D.) measured using an ELISA plate reader (Amersham-Pharmacia Biotech, Piscataway, NJ, USA) at 570 nm. Cell viability (%) was calculated using the following formula: (viable cells) % = (O.D. of treated sample/O.D. of control sample) × 100.
Exogenous H2O2 treatment in cortical neurons.
As our results showed that there was an increase in H2O2 release after the neurons were exposed to SH, we exogenously administered H2O2 to the neurons to mimic oxidative stress caused by SH. H2O2 was added directly to the culture medium at concentrations of 100, 400, and 800 μM. Cell viability was evaluated at the time points mentioned previously.
Induction of rat brain ischemic damage by asphyxia.
For the in vivo portion of this project, we induced asphyxia in a rat model, as described previously. [17] Briefly, rats were anesthetized with pentobarbital sodium (50 mg/kg intraperitoneally) and intubated for breathing control and recording of respiratory patterns. The left carotid artery was then isolated and cannulated using a PE 50 catheter for antegrade solution delivery. The left femoral artery was cannulated for the recording of blood pressure and heart rate. The endotracheal tube was clamped to induce asphyxia for 4 min 30 s (rats who underwent this duration of asphyxia are referred to as the 4′30″ group) or 6 min 30 s (the 6′30″ group). We slowly infused 200 μL of saline or HTK via the left carotid artery catheter within the first minute of asphyxia in all rats. After induction of aCA, standard external CPR and intravenous bosmin (epinephrine) injections were carried out. Controlled ventilation, using pure O2, was extended for 60 min after return of spontaneous circulation (ROSC). The rats were extubated, their wounds closed, and placed in plastic cages and observed continuously for 60 min and then intermittently for another 3 days. A neurological deficit (ND) evaluation was performed on the day of asphyxia (day 0) and after asphyxia on days 1, 2, and 3. After 3 days, anesthesia was re-induced for blood sampling and brain perfusion. We prepared the brains for determination of H2O2 and NOX4 mRNA levels.
Neurological deficit (ND) score
The ND scoring system is presented in Table 1 and has been described previously. [18] ND scores were obtained from two independent observers, with a third observer serving as an arbiter if there were any discrepancies. Total score: 12 = normal, 0 = brain dead.
Quantitation of H2O2 in culture medium and brain cortex.
We collected the culture medium and cortical brain tissues after various treatments, and H2O2 was measured using Amplex red (Molecular Probes, Eugene, OR, USA). [19] Amplex red is a sensitive fluorogenic substrate, which reacts with H2O2 with a 1:1 stoichiometry to produce highly fluorescent resorufin. Briefly, 200 μM Amplex red and 1 U/mL horseradish peroxidase were added to 20 μL of culture medium, tissue homogenates of brain cortex, or a standard H2O2 solution in PBS (pH 7.4). The samples were incubated for 30 min in 96-well microplates in the dark and at room temperature. Fluorescence intensity was measured using an automatic microplate reader (model KC4, Bio-Tek Instruments, Winooski, VT, USA) at an excitation wavelength of 530 nm and an emission wavelength of 590 nm. After subtracting background fluorescence, H2O2 concentrations in the culture media were calculated on the basis of an H2O2 standard curve.
Western blot analysis for protein expression.
The expression of full-length (total) caspase 3, cleaved caspase 3 (an indicator of apoptosis), NOX2, NOX4 (indicators of oxidative stress), HIF-1α (an indicator for hypoxia), and actin were examined by immunoblot analysis in the cultured neurons and brain tissue, as described previously. [16] Primary antibodies against above proteins were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Briefly, equal amounts of cytosolic protein were separated in denaturing SDS polyacrylamide gels and electrophoretically transferred to polyvinylidene difluoride membranes (Amersham, Little Chalfont, UK). The membranes were then incubated with the appropriate primary antibody (sc-1225, 1:1000 for caspase 3; sc-5827, 1:1000 for NOX2; sc-21860, 1:2500 for NOX4; sc-10790, 1:2000 for HIF-1α; sc-8432, 1:1000 for actin) overnight at 4 °C. After washing, the membranes were incubated for 1 h at room temperature with the corresponding horseradish peroxidase-conjugated secondary antibodies (1: 200; Vector Laboratories, Burlingame, CA, USA). Bound antibodies were visualized using an enhanced chemiluminescence kit (Amersham-Pharmacia Biotech) and Kodak film. Band density was measured semiquantitatively using an image analysis system (Diagnostic Instruments, Sterling Heights, MI, USA). The amount of each protein was expressed relative to the amount of actin.
Measurement of NOX activity in brain tissue.
NADH (0.1 mmol/L) was used as a substrate for NOX activity assay, as described previously. [20] Salmon testis DNA was added to the reaction mixture to stabilize ethidium fluorescence and increase the sensitivity of the assay. Enzyme activity is presented as fluorescence units/10 s/mg protein.
Quantitative real-time PCR for NOX4 expression.
RNA was extracted using a commercial kit (RareRNA, Bio-East Technology, Taipei, Taiwan), as previously described, [21] and cDNA was synthesized at 42 °C for 45 min [reaction mixture: 2 μg RNA, 5 μg of poly(dT)15 oligonucleotide primer (Life Technologies), and exposed to 200 units of reverse transcriptase (Moloney murine leukemia virus; Promega, Madison, WI, USA)]. Quantitative RT-PCR was performed in an ABI StepOne Plus system (Applied Biosystems, Foster City, CA, USA). PCR was performed using 100 ng of cDNA and 30 μmol of primers (total reaction volume, 20 μL) using the SYBR Green PCR master mix kit, according to the manufacturer's instructions (Applied Biosystems). The following primers were used for PCR: NOX4, 5′-GGA TCA CAG AAG GTC CCT AGC-3′ (forward) and 5′-AGA AGT TCA GGG CGT TCA CC-3′ (reverse); glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 5′-TTA GCA CCC CTG GCC AAG G-3′ (forward) and 5′-CTT ACT CCT TGG AGG CCA TG-3′ (reverse). The cycling conditions were as follows: 95 °C for 20 s, followed by 40 cycles of 95 °C for 1 s and 60 °C for 20 s. A melting curve analysis was performed at the end of each PCR experiment. All reactions were run in duplicate. The ΔCt (threshold cycle) was calculated by subtracting the raw Ct values for GAPDH from the raw Ct values for the target gene, thereby providing information about relative changes in gene expression. Changes in NOX4 expression were calculated as 2−ΔCt and expressed as the fold change relative to that of the 4′30″ group.
Statistical Analysis
All data are expressed as means ± standard errors of the mean (S.E.M.). Statistical analysis was performed using analysis of variance, or analysis of variance followed by the Newman-Keuls method for multiple comparisons between groups. A P value < 0.05 was considered significant.
Results
The effect of HTK solution during normoxia was tested on neuron cells. As Figure 1A shows, the change in the percentage of LDH that was released increased gradually during normoxia, as hours passed during the observation period. When the proportion of HTK solution increased in the culture medium, the percentage change of LDH release increased, relative to the SH group, as the duration of HTK exposure increased, becoming statistically significant at 72 h. Thus, substituting parts of the culture medium with HTK resulted in more neural cell damage during the normoxic condition. HTK is not a qualified culture media for use with neural cells in normoxic environments. During SH conditions, a higher proportion of HTK would lead to lower LDH (lactate dehydrogenase) released significantly, (C) using 1/2 HTK in volume, cell viability under SH improved significantly. (D) HIF-1α (hypoxia-induced factor-1α) had steady expression in the normoxia control group. The steep elevation over the first few hours of SH is consistent as reported, but declined rapidly from 8 h thereafter, indicating not much new HIF-1α production. Using HTK, the steep increases could still be observed, but there was another plateau after 8 h of SH. This suggests that HIF-1α was produced during SH while under the protection of HTK. (E) The ratio of cleaved caspase-3 to total caspase-3 increased significantly as SH duration increased, indicating increasing apoptosis activity as SH was prolonged. (F) At 72 h, as the proportion of HTK increased, the ratio of cleaved caspase-3 to total caspase-3 significantly decreased, compared with the SH group. This indicates that apoptosis is hindered on the presence of HTK. (N = 6 of experiences performed at each time point, *: P < 0.05 in Figure 1A , 1B, 1D, 1E as comparing with normoxia control, and P < 0.05 in 1F compared with the SH group.) During SH, the percentage change of LDH increased significantly after 8 h, as shown in Figure  1B . Using 1/8 HTK solution in the culture medium, the percentage change of LDH decreased significantly at 24 and 48 h, comparing with the SH group. If the proportion of HTK solution increased to 1/4 or 1/2, the percentage change of LDH decreased significantly at 8, 24, 48, and 72 h. The protective effects of HTK solution to cultured neuronal cells in SH were evidenced by the significantly decreased percentage change of LDH, compared with the SH group, at the same time points.
Cell viability was evaluated in the normoxic group, SH group, and SH + 1/2 HTK. The results are presented in Figure 1C . Cell viability was well preserved in the normoxic group and decreased gradually to 32% at 72 h in the SH group. Substituting half the culture medium with HTK solution significantly increased cell viability, compared with the SH group, at 24, 48, and 72 h. Although viability decreased to 68.5% at 72 h, it remained more than two times greater than the SH group.
Within the normoxia group, HIF-1α maintained at a stable level during the observation period, as seen in Figure 1D . Exposing the cell cultures to hypoxic conditions in the SH group increased HIF-1α levels dramatically at 1 and 2 h. HIF-1α then decreased after 8 h to levels below those of the normoxia group. Regarding SH + 1/2 HTK, HIF-1α increased significantly after ischemia. Although there was a decrease at 8 and 24 h, the HIF-1α levels were still higher than those of the normoxia group. HIF-1α levels increased and remained high at 48 and 72 h intervals.
The ratio of cleaved caspase-3 to total caspase-3 remained low during the study period for the normoxia group, as shown in Figure 1E . But it increased with the advancing of the hypoxic period for the SH group. This may have been due to increased apoptosis within the neural cells following SH. The ratio at 72 h decreased as the proportion of HTK increased, reaching statistical significance even when the culture media consisted of only 1/8 HTK. For the SH + 1/2 HTK, the ratio at 72 h was even decreased relative to the levels of the normoxia controls. Though there was a tendency toward, and an increased amount of, total caspase-3 at 72 h, the ratio of cleaved caspase-3 was significantly decreased if HTK was present.
During the observation period in the normoxia condition, the concentration of H2O2 increased slightly, but exposure to the hypoxic environment peaked H2O2 concentrations at 24 h, remaining high until 72 (Figure 2A) . In Figure 4B , use of 1/4 HTK significantly reduced H2O2 production during SH throughout the whole observation period. The levels of NOX2 and NOX4 were measured at 72 h. The expression of NOX2 was not influenced by the presence of HTK during SH, but NOX4 expression decreased significantly as we titrated up the proportion of HTK during SH. The concentration of H2O2 increased significantly after 2 h of SH, peaking at 24 h. It remained high at 48 and 72 h. When using 1/4 histidine-tryptophan-ketoglutarate (HTK) solution, the increase of H2O2 concentration was obviously attenuated, though still significantly higher than normoxia control. (B) At 72 h, the expression of NOX2 increased significantly in the SH group comparing to normoxia control, but the difference was less obvious if HTK was used. The expression of NOX4 also increased significantly in the SH group, but with 1/2 HTK supplement, this increase was no longer significant. The degrees of increment with HTK presence were significantly lower than the SH group also. (N = 6 of experiences performed at each time point, *: P < 0.05 comparing to normoxia control, #: P < 0.05 comparing to SH group)
In Figure 3A , the protective effect of HTK, in association with HIF-1α, was also demonstrated by the percentage change of LDH release during ischemic exposure with or without the HIF-1α antagonist. Using an HIF-1 antagonist (400083) on the SH group with HTK, we increased the percentage change of LDH release; however, the levels remained lower than those observed in the SH group. The addition of an HIF-1α antagonist did not remove all the protective effects of HTK on neuron cells. This indicates the protective effects of HTK might not have resulted solely as a consequence of elevated HIF-1 levels. The protective effect of HTK might not be confined to the HIF-1α pathway, but the expression of NOX4 might solely depend on HIF-1α. (N = 6 of experiences performed at each time point, *: P < 0.05 comparing to normoxia control, #: P < 0.05 comparing to SH group, @: P < 0.05 comparing to SH + HTK group) In Figure 3B , the level of NOX4 expression at 72 h decreased after using HTK, but returned to levels similar to those of the SH group if the HIF-1α antagonist was added. HIF-1 does not seem to increase NOX4 levels under the influence of HTK, as indicated by our results.
In Figure 4A , exposed to PBS slowly increased the percentage change of LDH release, as the duration of exposure increased. Challenges with different H2O2 concentrations resulted in significant increases on the percentage change of LDH release after 2 h, and even after 1 h when challenged with 800 μM H2O2. When HTK was present, neuronal cells became more resistant to H2O2 damage. In the PBS + 1/8 HTK group (Figure 4B) , the exposure of different concentrations of H2O2 resulted in a significant decrease in percentage change of LDH release from 1 to 24 h, comparing to the PBS group treated with the same H2O2 concentrations at the same time point. The protective effect decreased on 48 and 74 h. Increasing HTK proportion to 1/4 would prolong the protective effect to 48 h, and for PBS + 1/2 HTK group, the decrease of the percentage change of LDH release was significantly low even at 72 h ( Figure 4C and 4D) . H2O2 treatment not only reduces the viability of neuronal cells but may also impair branching linkage during dendritic outgrowth ( Figure 4E ). (*: P < 0.05 comparing to the same H2O2 group without HTK) (E) While attempting a cell viability test, it was difficult when 800 μM H2O2 was used. Small amount of viable cells could be found under the microscope after 48 h exposure to 800 μM H2O2. (F) The PBS + 400 μm H2O2 group was used for cell viability test. These results revealed that using 1/4 or 1/2 HTK produced superior cell viability, compared with instances where 1/8 HTK or no HTK was used.(*: P < 0.05 when comparing to the PBS control, and #: P < 0.05 comparing 1/2 or 1/4 HTK with no HTK group) (G) The ratio of cleaved caspase-3 to total caspase-3 increased as the concentration of H2O2 increased. In the 400 μM H2O2 group, this ratio decreased significantly even if only 1/8 HTK were used.(*: P < 0.05 comparing to 400 μm H2O2 without HTK) (N = 6 of experiences performed at each time point).
Cell viability was evaluated in the PBS group without H2O2 and various concentrations of HTK challenged with 400 μM H2O2. The PBS group showed the worst cell viability at all time points, and as the concentration of HTK increased, the protective effect became obvious. The cell viability of the 1/8 HTK group was significantly better than the 400 μM H2O2 group over the first 24 h, but did not exhibit significant differences at 48 to 72 h. On the other hand, the 1/4 and 1/2 HTK groups all showed significantly better cell viability, through 72 h of the observation period.
The ratio of cleaved caspase-3 to total caspase-3 increased as the concentration of H2O2 increased in the PBS group where no HTK was used. Once HTK was added, the ratio decreased significantly, and even to a larger scale of decreasing as the proportion of HTK increased from 1/8 to half of the culture medium. The pattern of ratio decreasing by increased non-cleaved caspase-3 levels and decreased cleaved caspase-3 levels was the same as exposure to SH.
The asphyxia time was measured from the clamping of the endotracheal tube to ROSC. The 4′30″ groups had shorter durations of resuscitation, and the 6′30″ groups were resuscitated significantly longer, but the difference in resuscitation durations between the saline group and the HTK group was not significant at the same asphyxia time ( Figure 5A ). For the Bosmin dosage used, the 6′30″ groups used nearly twice the dosage of that used by the 4′30″ groups. No significant differences were observed between the HTK group and the saline group with the same aCA time ( Figure 5B ). Fi gu re 5. Tr eat ment of cardiopulmonary resuscitation (CPR) for asphyxial cardiac arrest (aCA) in rats. Note that the CPR time and the bosmin dose for CPR were both similar between groups treated with saline and histidine-tryptophan-ketoglutarate solution (HTK), at the same aCA time.
The HTK usage seemed to increase rat survival from 62.5% to 75% for group 4′30″, and from 26.7% to 44.4% for group 6′30″ at day 3 ( Figure 6A ). The total ND scores between the HTK and saline subgroups were similar among the 4′30″ groups. For the 6′30″ groups, the total ND score increased significantly for the HTK subgroup, compared with the saline subgroup, at day 1 and the gap increased gradually to day 3 ( Figure 6B ). If we looked into each component of total ND score ( Figure  6C ), it would be clear that all but the respiration score followed this pattern. The respiratory scores of the HTK and saline groups both increased gradually from day 1 to day 3, without statistically significant between-group differences. The blood H2O2 concentrations at 72 h after ROSC were similar between the HTK and saline groups at each aCA time ( Figure 7A ). But the H2O2 concentration of brain cortex remained significantly higher 72 h after ROSC in the saline group compared with the HTK group ( Figure 7B ).
Both the expression of NOX4 mRNA and NOX4 activity showed this similarity. High NOX4 mRNA expression, with increased NOX4 activity, could be observed in the saline group, compared with the HTK group in the 6′30″ group ( Figure 7C and 7D) . 
Discussion
We encountered ischemic brain injury on patients rescued by CPR during our daily practice. We applied cardioplegic solutions, which were used to protect the heart during ischemic periods of cardiac surgery, to the brain and tested HTK solution as a potential neuroprotective agent, due to its success on other organs.
The protective effects of HTK on brain cells during ischemic periods, compared with those found in the normoxia control groups, were well demonstrated by the degree of LDH release and cell survival tests. Our results demonstrated that release of LDH due to cell damage, either by SH or H2O2, was significantly decreased when we increased the proportion of HTK in the culture medium. These results indicated that, in the presence of HTK, the cell damage caused by prolonged ischemia or H2O2 exposure was attenuated. Using ½ HTK in the culture medium, the cell survival percentage increased dramatically to 68.5% (p < 0.05) comparing to 32% for those without HTK after ischemia for 72 h. HTK also increased cell survival percentage from 42% to 72% (p < 0.05) after exposed to 400 μM H2O2 for 72 h. This is the first report of HTK usage on in vitro neuronal cells with definite protective effect during hypoxic condition.
We find the pattern of HIF-1 level changes during the ischemic period interesting. Without HTK, HIF-1 increased sharply at 1 h after exposure to the hypoxic environment. But the level of HIF-1 started decreasing at 2 h and decreased dramatically at 8 h of persisted ischemia, even lower than the sham group. This surge of HIF-1 was well illustrated in previous studies that showed the degradation of HIF-1 would be hindered in the presence of low O2. [8] With the aid of HTK, this surge of HIF-1 did not seem so abrupt. Although decreased from the peak at 8 and 24 h of hypoxic exposure, the level of HIF-1 remained significantly higher during the 48 and 72 h time points. HTK seems to keep neuronal cells capable of maintaining a high level of HIF-1, which drives many cellular responses for surviving during periods of hypoxia.
HIF-1 was accused of promoting cell death after ischemia, essentially the opposite of its effects on helping cell survival during periods of ischemia. HIF-1α and P53 may "conspire to promote a pathological sequence resulting in cell death," according to Halterman et al. [22] Their study showed almost no delayed death of mixed cortical neuronal cells if HIF-1 was blocked by plasmid transfection 20 h prior to 110 min of ischemic exposure and evaluated 46 h after reoxygenation. While in the presence of HIF-1, the death of mixed cortical neuronal cells decreased in p53 knock-out mice.
Another study published by Hoecke et al. [9] connected HIF-1 to caspase-3 and proved that HIF-1 would bind directly to the promoter of the caspase-3 gene, increasing the amount of caspase-3 after photothrombotic cerebral ischemia. But reviewing the colocalization of procaspase-3 expression and cleavage with HIF-1α presented in that study, the pattern was quite intriguing. Inside the infarct core, the expression of HIF-1α and procaspase-3 was very low, but procaspase-3 cleavage was observed. On the penumbra region, the expression of HIF-1α and procaspase-3 was high and colocalized and so was the cleaved procaspase-3. On the outer unlesioned area, the expression of HIF-1α and procaspase-3 colocalization was decreased, whereas procaspase-3 cleavage was faintly expressed.
These two reports can be merged with our results without contradiction. HIF-1 was discovered because of its presence during periods of SH, and it drove many cell responses that helped cells survive in a low-O2 environment. According to the results of a previous study, HIF-1 was found to colocalize with procaspase-3. Our results indicated that the amount of procaspase-3 increased and the ratio of procaspase-3 to total caspase-3 decreased significantly. We therefore suggest that HIF-1 not only increase the expression of cell death genes but also suppress their activation until the condition is longer tolerable for the cell. Thus, the duality of HIF-1α is not only confined to the activation of hypoxia adaptation genes and interaction between p53 for apoptosis, [23] but might also include the increased expression of the procaspase-3 gene, in association with the inhibition of the procaspase-3 activation process.
The expression of NOX4 during hypoxia and in the presence of HTK was not as expected. A previous study showed that direct binding of HIF-1α to the promoter segment of the NOX4 gene was responsible for the increased expression of NOX4. [11] It also showed high HIF-1α levels during the first 4 h of hypoxia and gradually increasing expression of NOX4 mRNA, peaking at 4~8 h after hypoxia. In our study, when the HIF-1α levels were persistently elevated under the influence of 1/2 HTK in culture media, NOX4 was suppressed to the level of the control group. At the same time, the H2O2 levels elevated gradually until 24 h after onset of hypoxia. The elevation of NOX4 expression was also observed 12-24 h after performing transient middle cerebral artery occlusion in another study. [24] Oxidative stress, blood-brain-barrier leakage and neuronal apoptosis were all decreased if NOX4 had been knocked out or if NOX4 function was blocked after the ischemic period. The protective effect of HTK on neuronal cells during hypoxia might also relate to suppressed NOX4 expression by persistently elevated HIF-1α.
In the second part of this study, we presented the effect of HTK infusion during aCA. Here, exposure to HTK improved the neurological scores of rats in the first 3 days after aCA. NOX4 had already been identified as an important factor relating to brain autotoxicity and blood-brain-barrier disruption after temporary middle cerebral artery occlusion. [25] The NOX4 knock-out rats in that study had decreased infarction size with improved neurological and motor functions. Similar functional improvement was observed in our study. The improvement of ND scores was more prominent in the HTK 6′30″ group, comparing to the saline control group. This result was associated with decreased NOX4 function and decreased H2O2 concentrations that occurred in brain tissue and blood at day 3. In brain tissue of the saline group, persistent elevation of NOX4 mRNA levels, NOX4 function and H2O2 concentrations at day 3 indicated that the ischemic insult might result in persistent damage after complete reoxygenation (so-called reperfusion injury). As described in the first part of this report, the decrease of NOX4 activity could be associated with persistent elevation of HIF-1α during the hypoxic ischemic phase, due to the presence of HTK. The infusion of HTK during the ischemia in the second part of this report showed the same result. This suggests that HTK might be suitable for use during resuscitations for improving neurological outcomes.
The guidelines for resuscitation have evolved during recent years. Early defibrillation, continuous chest compressions with minimal interruption, early epinephrine injections, and transport to capable hospitals are processes with wide acceptance over recent years, [26] and the target temperature management for comatose patients after resuscitation granted its level I recommendation in 2015. [27] But pharmacological agents to increase neurological recovery were not yet widely available. Erythropoietin and its derivatives were effective in reducing ischemic size within an isolated heart model [28] and brain infarction model, [29] in animal studies. Hydrogen inhalation combined with target temperature management improved study animal survival and neurological recovery after resuscitation from ventricular fibrillation. [30] Despite these good results, few clinical trials were reported. [31] Use of HTK holds another advantage in that it is a substance that is already in widespread clinical use.
On limitation of this study was that we did not elucidate the connection between persistently elevated HIF-1 levels with procaspase-3 and NOX4. HTK was infused at the beginning of asphyxia instead of the start of CPR. Further, all neural cell studies were conducted without hypothermia. The linkage of HIF-1 with procaspase-3 and NOX4 warrants further investigation. The other two were designed to better demonstrate the possible benefits of HTK treatment. Further studies with more closely mimic "real world" clinical scenarios would bring more evidences, given the encouraging results of this pioneer study.
Conclusions
In conclusion, HTK solution maintained high HIF-1α levels in a neurological cell ischemia study, potentially leading to increased procaspase-3 production, suppressed procaspase-3 activation, and decreased NOX4 expression. HTK infusion during aCA increased short-term neurological scores in survived animals; this was associated with decreased NOX4 expression. This is the first report of a possible brain-protection solution for patients undergoing resuscitation, or in cases where long-term brain ischemia is needed to perform cardiac surgery. These results were positive, and further investigation on this topic might have encouraging results. 
